Glaucoma is a heterogeneous eye disease in which affected individuals experience gradual loss of vision due to ocular neuropathies involving retinal ganglion cell death and the optic nerve layer (25) . It is a major cause of blindness worldwide affecting an estimated 67 million people (24) . Although glaucoma can be treated successfully if detected early, the disease is largely asymptomatic in its initial phase, making early detection difficult. Most affected individuals first experience mild peripheral visual field loss, followed by more extensive peripheral and central visual field deficiencies, which are irreversible. Currently, a limited number of medical interventions are available for treating glaucoma following early detection.
The anterior chamber of the eye is filled with aqueous humor, a clear fluid whose production and outflow are regulated by the ciliary body and the trabecular meshwork, respectively. The trabecular meshwork is a small tissue located at the iridocorneal angle in the corneoscleral transition zone of the anterior chamber. In some cases of glaucoma, structural abnormalities associated with the trabecular meshwork are believed to impede drainage of aqueous humor and consequently lead to an elevated intraocular pressure (IOP) (6, 19, 25) . Although not all cases of glaucoma involve abnormally high levels of IOP, an IOP elevated above the normal level is accepted as a considerable risk factor in primary open angle glaucoma (POAG) (6) . How elevated IOP contributes to visual field loss, however, is not clearly understood.
A number of loci are currently known in humans that cosegregate with different types of glaucoma. For example, LMX1B, FOXC1, PITX2, and PAX6 encode transcription factors necessary for normal development of the eye and the anterior segment, and mutations in these genes were found to cosegregate with different types of developmental glaucoma (7, 8, 14, 16, 22, 35) . Recently, mutations of the trabecular meshwork inducible glucocorticoid response gene (TIGR), now widely referred to as the myocilin gene (MYOC), were identified at the GLC1A locus on chromosome 1q21-q31 and shown to occur in a subset of families with a high incidence of juvenileand adult-onset POAG (30) . Additional diseases causing TIGR/ MYOC mutations have subsequently been observed in other studies (2, 28, 29, 31) .
MYOC is expressed in the eye, including the retina and the structures involved in aqueous humor regulation such as the trabecular meshwork and ciliary body (13, 15, 33) . In the mouse, Myoc mRNA expression is also detected in the skeletal muscle, heart, brain, and testis, suggesting a role(s) in these tissues (1, 32, 34) . MYOC has two domains, one with homology to nonmuscle myosin of Dictyostelium discoideum and the other with homology to olfactomedin protein, an extracellular matrix protein first described in the olfactory epithelium of bullfrog (36) . The homology to olfactomedin protein and the presence of a signal peptide at its N terminus suggest that MYOC is an extracellular protein (21) . In addition, recombinant MYOC is present in the conditioned medium of tissue culture cells (23) . However, MYOC has also been detected intracellularly in the trabecular cells and cilia of photoreceptor cells (13, 15) . Despite a series of molecular characterizations, no specific function of MYOC has yet been described.
To address the requirements for Myoc in normal ocular function, we generated a null mutation at the Myoc locus by gene targeting in mice. Because glaucoma is often age related, we have maintained our Myoc mutant mouse colonies for almost 2 years. Mice heterozygous (ϩ/Ϫ) and homozygous (Ϫ/Ϫ) for the null mutation in Myoc are both viable and fertile. We also measured the IOPs of mutant mice and found that IOP was normal even in aged mice. Additionally, we found no significant phenotypic alterations within mutant ocular tissues when examined at the light and ultrastructural microscopic levels. In conclusion, our in vivo findingss demonstrate that Myoc is not required for normal development, fertility, or viability in mice. Moreover, we found that reduction of gene dosage or elimination of the Myoc gene product is not sufficient to cause any discernable abnormality in the mouse eye. The lack of ocular phenotypes in both ϩ/Ϫ and Ϫ/Ϫ mice also suggests that haploinsufficiency is not a critical mechanism for POAG in individuals with mutations in MYOC and that disease-causing mutations in humans are likely gain of function.
MATERIALS AND METHODS
In situ hybridization and lacZ staining. Section in situ hybridization with 35 S-labeled cRNA probes was performed as described (3) . An NcoI-XbaI Myoc genomic DNA fragment containing the 5Ј untranslated region (5Ј-UTR) and the entire coding region of exon 1 was subcloned into the pBSKϩ plasmid. The plasmid was then digested with XhoI and BamHI for sense-T3 and antisense-T7 riboprobe synthesis, respectively. For lacZ staining, cryostat sections of mutant eyes were postfixed in 2% paraformaldehyde, 0.2% glutaldehyde, and 0.02% NP-40 in phosphate-buffered saline (PBS). Following PBS washes, the staining reaction mixture was developed in 25 mg of X-gal (S-bromo-4-chloro-3-indoyl-␤-D-galactopyranoside) per ml of dimethyl sulfoxide at 37°C. Counterstaining was performed with 0.1% eosin.
Targeting constructs and generation of Myoc-null mice. A 129 SvEv (129) mouse genomic library was screened with a probe (0.4 kb) from the 5Ј region of Myoc, yielding several hybridizing clones. The targeting vector was made using a 1.7-kb EcoRV/PvuII fragment as the 5Ј arm of homology and a 2.1-kb XbaI fragment as the 3Ј arm of homology. Homologous recombination results in deletion of a portion of the 5Ј-UTR, the entire coding region of exon 1, and approximately 180 bp in the 5Ј region of intron 1 (Fig. 1A) . The deleted genomic fragment was replaced with an IRES-lacZ-polyA-floxed pgk-neomycin cassette (M. Wakamiya, personal communication). An Mc1tk cassette was placed outside the 5Ј arm of homology for negative selection. The plasmid was linearized at a unique NotI site and electroporated into the mouse AB1 embryonic stem (ES) cells. The targeted ES cells were then injected into albino C57BL/6 (B6) blastocysts. Cell culture, generation of chimeric mice, and germ line transmission were performed as described (5) . Genotyping of ES cells was performed by Southern hybridization. Subsequent genotyping of animals was performed either by Southern hybridization or by PCR with genomic DNA isolated from the tails of 1-to 2-week-old mice. For Southern blot analysis, genomic DNA (10 g) was digested with XbaI or HindIII for hybridization with 5Ј or 3Ј probes, respectively. PCR primers specific for the wild-type allele were my-s5 (5Ј-CCTCACCCAGC CTCCACACT-3Ј) and mm1r2-r (5Ј-GTGAAGGTGTATTGGCATCG-3Ј), and primers specific for the targeted allele were lacz1 (5Ј-GCATCGAGCTGGGTA ATAAGGGTTGGCAAT-3Ј) and lacz2 (5Ј-GACACCAGACCAACTGGTAA TGGTAGCGAC-3Ј) (Fig. 1B) . The PCR was performed for 30 cycles by denaturing at 94°C for 45 s, annealing at 59°C for 45 s, and elongation at 72°C for 60 s. For RT reverse transcription (RT)-PCR, eyes from 1-month-old animals were homogenized in 1 ml of TRIzol Reagent (Gibco BRL). The procedures for RNA isolation and first-strand cDNA synthesis using SuperScript II were all performed as recommended by the manufacturer. RT-PCR oligonucleotides used were as follows: forward primer, mm1f2 (5Ј-CGATGCCAATACACCTTCAC-3Ј) for Myoc exon 1; forward primer, e2f1 (5Ј-GGTTCCTGCTTCCCAAATCT-3Ј) for Myoc exon 2; reverse primer, mm3r1 (5Ј-CTCTCCAGGGGGTTGTAG TC-3Ј) for Myoc exon 3 (Fig. 1B) . For an RT-PCR positive control, a set of oligonucleotides specific for exon 6 (pf1; 5Ј-AGGGCAATCGGAGGGAGTA-3Ј) and exon 7 (pr2; 5Ј-TGTGGTGGGCTGTGGGATTG-3Ј) of mouse Pax6 was used. The PCR was performed for 30 cycles by denaturing at 94°C for 30 s, annealing at 61°C for 45 s, and elongation at 72°C for 90 s.
Western blot analysis. Polyclonal rabbit antiserum was raised against a glutathione S-transferase fusion protein containing amino acids 100 to 187 of the mouse MYOC, encoded within exon 1. Equal amounts of total eye extracts from ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ mice were separated on sodium dodecyl sulfate-12% poly acrylamide gel electrophoresis gels and transferred to a nitrocellulose mem- brane. After the membrane was blocked with Western blocking reagent (Boehringer Mannheim) and 5% skim milk in 0.05% Tween 20 and Tris-buffered saline (TBST) (pH 7.4) overnight at 4°C, it was incubated for 1 h with primary antibody in a 1:5,000 dilution made in TBST containing 1% skim milk. Anti-rabbit horseradish peroxidase-conjugated secondary antibody (Amersham) was used at a 1:2,500 dilution. The SuperSignal chemiluminescent detection system (Pierce) was used according to the manufacturer's instructions.
IOP measurement and clinical examination. F 1 mice were produced by mating chimeras derived from two independent lines, TIGR7 and TIGR8, to strain B6 and were imported to the Jackson Laboratory. All of the mutant mice used in the IOP study retained the floxed neomycin (neo) cassette, and the age of the mice ranged from 3 to 16 months. Heterozygous B6/129 F 1 mice were backcrossed to B6 mice to produce ϩ/ϩ and ϩ/Ϫ N2 experimental mice. Heterozygous N2 mice were intercrossed to produce N2F1 experimental mice (ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ). IOPs of the eyes of of male and female mice were measured as previously described (11, 12) . IOP measurements of B6 mice are consistent over time, and so these animals were interspersed with experimental mice to ensure that calibration had not drifted and that the system was functioning optimally. Reported P values are from a multifactorial analysis of variance with genotype and sex as factors and age as a covariate.
Clinical anterior segment examinations were performed with a slit lamp biomicroscope. An indirect ophthalmoscope and a 60-or 90-diopter lens was used to visualize the retinas and optic nerves. For this analysis, pupils were dilated with a drop of 1% cyclopentolate. Fundus photographs were taken as previously reported (9) . Clinical examinations were performed on male and female mice of each genotype at various ages, from 3 months and older. This included 12 N2 ϩ/Ϫ mice that were 10 to 15 months old and 25 N2F1 ϩ/Ϫ and N2F1 Ϫ/Ϫ mice that were at least 10 months old.
Histological analysis. The preparation and analysis of thin plastic sections were performed essentially as described (26) . Briefly, eyes were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) for 2 h at room temperature. Eyes were then dehydrated in graded ethanol, oriented, and embedded in fresh Historesin (Leica, Heidelberg, Germany), following 8 days of infiltration. The embedded samples were dried and kept in a dehumidifying chamber (Dry Keeper; Sanplatec Corp., Osaka, Japan) until sectioning was performed. Semithin plastic sections were cut at 1.5-m thicknesses using a microtome (RM 2165; Leica) and stained with hematoxylin and eosin.
EM. Electron microscopy (EM) procedures were performed essentially as described (26) . Eyes were fixed for 1.5 h with 0.8% paraformaldehyde and 1.2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) at 4°C. The anterior segment, which includes the cornea, iris, trabecular meshwork, and ciliary body, was cut into four equal-sized wedge-shaped blocks. These blocks were fixed further at 4°C for 12 h. Tissues were washed in PBS, postfixed with 1% osmium tetroxide, dehydrated in graded acetone, and embedded in Spurr's resin. Sections were cut and stained with uranyl acetate and lead citrate.
RESULTS

Expression of
Myoc mRNA in the mouse eye. Ocular expression of Myoc was examined by RNA in situ hybridization. Eyes from newborn (postnatal day 0 [P0]) and 1-month-old ϩ/ϩ mice on a mixed B6/129 genetic background were analyzed. At P0, no expression was detected (data not shown). At 1 month, strong expression was detected in the iridocorneal angle at the trabecular meshwork (Fig. 2) . Our in situ experiments did not detect Myoc expression in ciliary body, iris, cornea, and retina, although other groups previously reported expression within these tissues (15, 33) . The discrepancy between our findings and previously published data may be contributed to such factors as age differences between the animals.
Generation of Myoc-deficient mice. To elucidate the normal function of the gene product encoded by Myoc, we used homologous recombination in mouse ES cells to generate knockout mice lacking functional Myoc. Three independently targeted heterozygous ES cell clones were identified and injected into B6 blastocysts. Germ line transmission from each clone was obtained, and no subsequent differences were observed between different lines (Fig. 3A and B) . To address the potential phenotypic variations that may be caused by genetic background effects, the mutant colony was expanded and maintained in both B6/129 mixed and 129 inbred genetic backgrounds. Additionally, the presence of exogenous sequences may also influence the activity of the targeted locus. To circumvent this potential problem, the mutant mice with the B6/129 background were also mated with B6 CMV-Cre (designating the mammalian cytomegalovirus minimal promoter fused to the Cre recombinase gene) mice for CRE-recombinase-mediated removal of the inserted pgk-neomycin cassette. The Cre transgene was then segregated from the Myoc mutants by crossing to B6. The occurrence of these events was verified by neo-and Cre-specific Southern strategies as described (4), and these mice were phenotypically indistinguishable from the mutant mice bearing the cassette (data not shown). To confirm the absence of normal MYOC protein in Ϫ/Ϫ mice, we used a polyclonal antibody directed against mouse MYOC to perform Western analysis. This antibody detected a single protein of approximately 55 kDa in ϩ/ϩ and ϩ/Ϫ eyes (Fig. 3C) . The size of the protein closely matched the previously reported molecular weight of MYOC (15) . This band was completely absent in eyes from Ϫ/Ϫ mice, while the intensity of band was reduced approximately twofold in ϩ/Ϫ compared to ϩ/ϩ mice. To address the possibility of residual transcript production from the targeted locus, RT-PCR was performed with poly(A) ϩ RNA isolated from ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ eyes at 1 month of age. the Ϫ/Ϫ eyes, confirming the deletion of exon 1 and the absence of residual transcripts from exon 2 and exon 3 (Fig. 3D) . For all RT-PCRs, any contamination from genomic DNA yields no product or a much larger product due to the presence of intron 1 and intron 2. RT-PCR for the inserted lacZ sequence detected 800-bp fragments from ϩ/Ϫ and Ϫ/Ϫ eyes only (data not shown) with the same set of PCR primers used for genotyping as described earlier.
All mutant mice (ϩ/Ϫ and Ϫ/Ϫ) were viable and fertile. Crosses of ϩ/Ϫ breeding pairs resulted in ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ progeny, roughly equal to the expected Mendelian ratio, indicating that neither ϩ/Ϫ nor Ϫ/Ϫ genotype is lethal. Crosses between Ϫ/Ϫ mutant mice also produced litters in sizes similar to those of ϩ/ϩ animals (data not shown), indicating that Ϫ/Ϫ mice are also fertile. Our results demonstrate that Myoc is not essential for the normal fertility and viability of the mouse.
IOP measurement and clinical examinations. To assess the effect of Myoc deficiency on IOP, we measured the IOPs of mice of each genotype at different ages. There was no significant difference in IOP between the genotypes (Fig. 4) , suggesting that lack of Myoc does not lead to elevation of IOP. We also evaluated the anterior segment and fundus for clinical signs of glaucoma such as corneal edema, enlarged anterior chambers, and excavated or irregular optic nerves. All ϩ/Ϫ and Ϫ/Ϫ eyes were normal compared to those of ϩ/ϩ mice at all ages examined (data not shown).
Histological analysis. Our analysis focused on two regions of the eye, the anterior segment and the retina, including the optic nerve fibers. In the anterior segment, our analysis focused on the iridocorneal angle, which includes Schlemm's canal and the trabecular meshwork. The iridocorneal angle and outflow pathway of mice the eyes of mice similar to those of primates (26) . Our histological examinations revealed no distinct abnormalities in ϩ/Ϫ or Ϫ/Ϫ mice compared to agematched ϩ/ϩ mice ranging from 3 to 19 months old of age (ϩ/ϩ, n ϭ 6 [B6/129 ϭ 4, 129 ϭ 2]; ϩ/Ϫ, n ϭ 5 [B6/129 ϭ 3, 129 ϭ 2]; Ϫ/Ϫ, n ϭ 8 [B6/129 ϭ 6, 129 ϭ 2]). In all cases, both the Schlemm's canal and trabecular meshwork were present and the morphology of the iridocorneal angle was normal, including the ciliary body, which is the site of aqueous humor production. The cornea and iris also exhibited normal morphologies ( Fig. 5A and B) . The iridocorneal angle histology varied slightly between animals of the same genotype and between animals of different genotype. Nevertheless, these phenotypic variations were not consistently significant among or between the particular groups of animals. A similar phenotypic variation was observed even between the eyes from the same animal and within different sections from an individual eye. Besides the presence of normal, small variations in angle morphology, the overall ocular phenotype of mutant mice also matched closely with previously reported iridocorneal morphology of normal mice (26, 27) .
Late-stage glaucoma displays a depletion of retinal ganglion cells (RGCs) and atrophy of optic nerve fibers as they enter the optic nerve head, resulting in cupping or excavation (6) . We analyzed the retinas and optic nerve fibers of our mutant mice to detect these aberrations. ϩ/Ϫ and Ϫ/Ϫ retinas had all of the retinal layers as ϩ/ϩ retinas did. The number of cells within these layers appeared normal as did the overall thickness of the retina, including the optic nerve fiber layer and RGC layer ( Fig. 5C and D) . In agreement with the absence of IOP elevation, ϩ/Ϫ and Ϫ/Ϫ mice had no apparent depletion of RGCs and displayed normal optic nerve fibers.
EM. We used transmission EM (TEM) to determine whether the targeted deletion of Myoc resulted in ultrastructural defects in specific ocular tissues. The trabecular meshwork, cornea, and iris were subjected to our TEM analysis. The trabecular meshwork provides major resistance to the outflow pathway. Consequently, the trabecular meshwork is believed to play a crucial role in regulating IOP and in the development of certain types of glaucoma (6, 25) . For all the tissues examined, we again found no significant difference between ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ eyes collected from 3-month-old to 1-year-old mice from both B6/129 and 129 genetic backgrounds. The results from ϩ/ϩ and Ϫ/Ϫ littermates are shown (Fig. 6) . The overall morphology of the iridocorneal angle and trabecular meshwork appeared normal in Ϫ/Ϫ mice, including the trabecular beams which surround drainage channels located in intertrabecular spaces. These trabecular beams also exhibited normal collagen fibers.
DISCUSSION
Evidence from human genetic studies indicates that dominantly inherited mutations in MYOC cause POAG. Affected individuals demonstrate a wide range of missense or nonsense mutations in their MYOC genes, with the vast majority of mutations localized to the terminal third exon. The mechanism of POAG formation in these individuals is unclear. One possibility is that individuals heterozygous for disease-causing mutations produce insufficient amounts of MYOC. Another possibility is that disease-causing mutations are gain of function, thus accounting for the dominant inheritance seen in MYOC pedigrees.
To address possible mechanisms for MYOC-induced glaucoma, we created a null mutation in the murine Myoc and assayed ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ mice for alterations in ocular histopathology and IOP. Mice of each genotype were indistinguishable with respect to fertility, viability, IOP, trabecular meshwork histology and ultrastructure, and retinal and optic nerve morphology. Hence, we conclude that Myoc in mice is not required for either viability or for normal ocular morphology.
One possible reason for the lack of an observable phenotype in Myoc-null mutant mice is functional redundancy with other related gene products. Myoc shows homology to the olfactomedin gene, which encodes an extracellular matrix protein abundant in the nasal epithelium. Recently, an olfactomedin gene family was characterized in humans and designated hOlfA through hOlfD (17) . These particular genes, however, do not contain the myosin-like domain found in Myoc, suggesting that Myoc is a unique member of the olfactomedin gene family. The isolation of genes containing both myosin-and olfactomedinlike domains will reinforce the possibility of functional redundancy. Functional studies and generation of double mutants with these genes will further test this possibility.
The lack of a discernable phenotype in both ϩ/Ϫ and Ϫ/Ϫ mice also suggests that haploinsufficiency is not a critical mechanism for POAG in individuals with mutations in MYOC. Rather, disease-causing mutations are likely gain-of-function mutations. Of particular interest in this regard are recent studies that suggest that POAG is found only in patients with one wild-type copy and one mutant copy of MYOC. In a large French-Canadian family, Morissette and coworkers reported that glaucoma developed in three heterozygous siblings harboring missense mutations at codon 423 whereas four homozygous mutant siblings were asymptomatic for the disease (20) . Since homozygous individuals do not manifest the disease, MYOC-associated mutation in these individuals cannot be classified as a conventional dominant-negative mutation. The authors suggest that heteromultimerization of mutant and wildtype forms of MYOC is a critical step in the pathogenesis of MYOC-induced glaucoma. These wild-type and mutant MYOC complexes could then lead to an accumulation of aberrant MYOC products in the cytoplasm or extracellular matrix, thereby impeding normal outflow of the aqueous humor. Additionally, the harmful accumulation of mutant MYOC may occur in RGCs or optic nerve fibers, undermining the structural integrity of these tissues and eventually lead to optic neuropathies independent of elevation of IOP. The possibility of wild-type or mutant MYOC multimer formation interfering with the normal secretion of MYOC in vitro was also suggested by Jacobson and coworkers (10) . Recently, Lam and coworkers reported the lack of a clinical phenotype in an elderly woman homozygous for the Arg46Stop mutation (18) . This individual is believed to produce essentially no MYOC because the mutation would result in a prematurely truncated protein less than a tenth of the size of wild-type protein and with no putative functional domain. Our studies demonstrating that reduction or lack of MYOC in mice does not lead to POAG are consistent with these models for the pathogenesis of MYOC-associated POAG. Further studies, including the generation and characterization of mice with point mutations in exon 3 of Myoc, should aid in determining the precise mechanisms leading to MYOC-associated POAG.
